Mechanosensory hair cells are vulnerable to environmental insult, resulting in hearing and balance disorders. We demonstrate that directional compartmental flow of intracellular Ca 2ϩ underlies death in zebrafish lateral line hair cells after exposure to aminoglycoside antibiotics, a well characterized hair cell toxin. Ca 2ϩ is mobilized from the ER and transferred to mitochondria via IP 3 channels with little cytoplasmic leakage. Pharmacological agents that shunt ER-derived Ca 2ϩ directly to cytoplasm mitigate toxicity, indicating that high cytoplasmic Ca 2ϩ levels alone are not cytotoxic. Inhibition of the mitochondrial transition pore sensitizes hair cells to the toxic effects of aminoglycosides, contrasting with current models of excitotoxicity. Hair cells display efficient ER-mitochondrial Ca 2ϩ flow, suggesting that tight coupling of these organelles drives mitochondrial activity under physiological conditions at the cost of increased susceptibility to toxins.
Introduction
The ER and mitochondria are primary regulators of Ca 2ϩ homeostasis within the cell Murgia et al., 2009; Rizzuto et al., 2009; Grimm, 2012) . Communication between ER and mitochondria is facilitated by microdomains, where IP 3 receptors (IP 3 Rs) in the ER are juxtaposed to mitochondrial voltage-dependent anion channels (Szabadkai et al., 2006) . These zones of close contact are termed mitochondrialassociated membranes (MAMs) (Vance, 1990) , and function as de facto hotspots of Ca 2ϩ transfer .
Transfer of Ca 2ϩ between ER and mitochondria is increasingly recognized for its role in the regulation of multiple cellular processes ranging from bioenergetics (Bravo et al., 2012) to cellular dysfunction and death Giorgi et al., 2012; Grimm, 2012) . The difference between these cellular outcomes is dependent in part on the amount of Ca 2ϩ transferred to mitochondria. Modest increases in mitochondrial Ca 2ϩ concentrations ([Ca 2ϩ ] mit ) stimulate the respiratory chain and elevate transmembrane potential (⌬) across the mitochondrial inner membrane (McCormack et al., 1990) . More substantial [Ca 2ϩ ] mit increases are cytotoxic, however, because they permanently depolarize mitochondria through long-lasting opening of the transition pore (mPTP; Nicholls, 2005 Nicholls, , 2009 Giorgi et al., 2012) . Somewhat paradoxically, the potential for Ca 2ϩ overload is limited through mPTP openings of shorter duration that serve to gate ⌬, a driving force behind mitochondrial Ca 2ϩ uptake (Gunter and Pfeiffer, 1990; Stout et al., 1998; Kirichok et al., 2004; Nicholls and Chalmers, 2004; Nguyen et al., 2009) .
We used the zebrafish lateral line system to study Ca 2ϩ mobilization and flow during hair cell death. Lateral line hair cells share essential properties with inner ear hair cells, including sensitivity to many ototoxins, drugs known to cause hearing loss by killing inner ear hair cells of mammals including humans (Ton and Parng, 2005; Ou et al., 2010; Esterberg et al., 2013a) . Lateral line hair cells are located on the body surface in clusters called neuromasts, providing an opportunity to monitor directly [Ca 2ϩ ] i changes during ototoxin-induced cell death in vivo. We demonstrated recently that disruption of [Ca 2ϩ ] i homeostasis within hair cells is a critical signal and a reliable predictor of hair cell death in the intact zebrafish lateral line system after ototoxic aminoglycoside antibiotic exposure (Esterberg et al., 2013b) . Here, we identify upstream disruption of ER-mitochondrial Ca 2ϩ regulation as a necessary and sufficient signal for hair cell death due to aminoglycoside exposure.
Materials and Methods
Fish. Experiments were performed on zebrafish larvae to 5 d postfertilization (dpf) in E3 embryo medium (14.97 mM NaCl, 500 M KCl, 42 M Na 2 HPO 4 , 150 M KH 2 PO 4 , 1 mM CaCl 2 dehydrate, 1 mM MgSO 4 , 0.714 mM NaHCO 3 , pH 7.2) at 28.5°C unless otherwise indicated. Larvae were used before the stage where sex is determined in zebrafish. All experiments were approved by the University of Washington Institution Animal Care and Use Committee.
Sandimmune (Novartis) from University of Washington Drug Services. All agents except xestospongin C, Ru360, and adenophostin A were dissolved in DMSO. Xestospongin C, Ru360, and adenophostin A were dissolved in water. When appropriate, vehicle alone was used as control, which was typically 0.1% DMSO.
Hair cell counts. Animals were pretreated in Ca 2ϩ modulators for 60 min, followed by coadministration with the specified concentration of neomycin for 30 min. They were then washed 3ϫ in E3, allowed to recover for 30 min, and then fixed in 4% PFA. Hair cells were labeled with antiparvalbumin antisera (Steyger et al., 1997) and mean hair cell counts across six neuromasts (IO4, M2, MI1, O1, O 2 , and OC1; Raible and Kruse, 2000) were calculated from at least five animals. Control E3 contained 0.5% DMSO.
Imaging and analysis. Imaging and analysis were performed as described previously (Esterberg et al., 2013b) . Briefly, 5 dpf zebrafish were immersed in E3 containing 0.2% MESAB (MS-222; ethyl-maminobenzoate methanesulphonate) and stabilized using a slice anchor harp (Harvard Instruments) so that neuromasts on immobilized animals had free access to surrounding media. Imaging was performed under ambient temperature, typically 24 -25°C. Baseline fluorescence readings Optimal concentrations of agents used to manipulate ER-mitochondrial Ca 2ϩ transfer and mPTP activation. A, B, Optimal concentration of thapsigargin (A) and adenophostin A (B) were determined by administration of either drug alone in the presence of embryo medium (dashed line). (C, D) Optimal concentrations of xestospongin C (C) and Ru360 (D) were determined by pretreatment followed by coexposure to embryo medium alone (dashed line) or embryo medium containing 200 M neomycin (solid line). E, The optimal concentration of CsA was determined by administration of drug alone in the presence of embryo medium (dashed line). F, The optimal concentration of FCCP was determined by pretreatment followed by coexposure to embryo medium alone (dashed line) or embryo medium containing 200 M neomycin (solid line). Hair cell counts are of parvalbumin-positive hair cells. Error bars indicate SD. n ϭ 6 neuromasts from each of 5 treated animals.
were taken before aminoglycoside exposure in 30 s intervals for 2.5 min. Aminoglycoside was added as a 4ϫ concentrated stock to achieve the final indicated concentration and fluorescence intensity readings were acquired in 30 s intervals for 60 min. Images were taken using an inverted Marianas spinning disk system (Intelligent Imaging Innovations) equipped with an Evolve 10 MHz EMCCD camera (Photometrics) and a Zeiss C-Apochromat 63ϫ/1.2 numerical aperture water objective. Camera intensification was set to keep exposure times Ͻ50 ms for GCaMP, 250 ms for cytoRGECO, or 100 ms for mitoRGECO and TMRE while keeping pixel intensity Ͻ25% of saturation. For image collection, camera gain was set at 2 for higher resolution. For data collection, camera gain was set at 3 to minimize photobleaching. Z-sections were taken at 2 m intervals through the depth of the neuromast, typically 12 m. GCaMP fluorescence was acquired with 488 nm laser and 535/30 emission filter. RGECO, TMRE, and Texas Red fluorescence were acquired with a 561 nm laser and a 617/73 emission filter.
For analyses, maximum intensity projections were generated and movies were auto-aligned in SlideBook software (Intelligent Imaging Innovations) to account for XY drift, typically Ͻ50 pixels. ROIs outlining the cell of interest were drawn by hand, enabling us to correct for individual cell movement when necessary. Cells were categorized as living or dying based on their clearance from the neuromast after 60 min of aminoglycoside exposure. Fluorescence intensities were calculated relative to the mean baseline intensity of each individual hair cell before aminoglycoside exposure. We observed a linear fit between maximal signal-tonoise ratios and maximal changes in fluorescence (r ϭ 0.726, data not shown). For each treatment condition, at least three replications were performed on different days and fluorescence intensities of no more than three cells per neuromast and two neuromasts per animal were used in analyses. Living and dying cells were chosen randomly for analysis at the end of each time lapse. For imaging during Ca 2ϩ modulation, animals were exposed to modulators 30 min before recording of baseline fluorescence and coadministered with neomycin at the indicated concentrations.
Statistics. GraphPad Prism 5.0 Software was used for all statistical analyses except cross-correlations. Analyses and post hoc tests are indicated in figure legends. Cross-correlation analyses were performed in either R or Microsoft Excel.
Results

Efficient uptake of Ca
2؉ drives mitochondrial activity within lateral line hair cells Mechanosensory hair cells are densely packed with mitochondria to accommodate their high metabolic load. We investigated whether hair cell mitochondrial activity is regulated by ERmitochondrial Ca 2ϩ exchange using transgenic zebrafish containing mitochondrial matrix-targeted GCaMP3 under the control of the hair-cell-specific myo6b promoter [Tg(myo6b:mitoGCaMP3) , which is hereafter referred to as mitoGCaMP]. Optimal concentrations of pharmacological agents known to modulate ER Ca 2ϩ concentrations ([Ca 2ϩ ] ER ) were first determined to be minimally toxic to hair cells over the course of imaging ( Fig. 1) and were subsequently applied to mitoGCaMP larvae to determine their effect on [Ca 2ϩ ] mit (Fig. 2) . All agents tested altered [Ca 2ϩ ] mit in a manner consistent with ER-mitochondrial Ca 2ϩ flow ( Fig. 2A) . Inhibition of the ER SERCA pump with thapsigargin (Marks, 1997) increased maximal mitoGCaMP fluorescence ϳ50% ( p Ͻ 0.001), whereas activation of IP 3 Rs with adenophostin A (Mak et al., 2001 ) increased maximal mitoGCaMP fluorescence ϳ100% ( p Ͻ 0.001). Conversely, inhibition of IP 3 receptors with xestospongin C (Gafni et al., 1997) reduced mitoGCaMP fluorescence ϳ30% ( p Ͻ 0.001) and blocking the mitochondrial uniporter with the inhibitor Ru360 (Matlib et al., 1998; Zazueta et al., 1999) reduced mitoGCaMP fluorescence ϳ40% ( p Ͻ 0.001). Ca 2ϩ originating from the ER is thought to be first transferred to cytoplasm, where it is then taken up by mitochondria . To monitor Ca 2ϩ flow between cytoplasm and mitochondria directly within the same hair cell, we generated transgenic zebrafish containing a hair-cell-specific cytoplasmic variant of the genetically encoded red Ca 2ϩ indicator RGECO [Tg(myo6b:RGECO); hereafter referred to as cytoRGECO] (Zhao et al., 2011) . Hair cells exposed to thapsigargin showed a slight increase in fluorescence of the cytoplasmic Ca 2ϩ indicator while mitochondrial fluorescence rose ϳ20% above baseline levels (Fig. 2B) . Stimulation of IP 3 Rs with adenophostin A resulted in a transient cytoplasmic Ca 2ϩ spike corresponding with the onset of increased mitochondrial Ca 2ϩ accumulation, followed by a reduction in fluorescence (Fig. 2C) . These results suggest that, in hair cells, mitochondria efficiently buffer Ca 2ϩ during release from the ER.
Mitochondrial Ca 2ϩ uptake is tightly cross-regulated with ⌬ under physiological conditions (Brookes et al., 2004) . We measured ⌬ in lateral line hair cells using the potentiometric mitochondrial dye TMRE (Mitra and Lippincott-Schwartz, 2010; Brand and Nicholls, 2011; Perry et al., 2011; Fig. 3) . Application of the protonophore uncoupler FCCP or the ATP synthase inhibitor oligomycin A induced corresponding dose-dependent decreases or increases, respectively, in TMRE fluorescence ( 3 A, B). Treatment with CsA gradually increased mitochondrial TMRE fluorescence ( Fig. 3 A, B) . This behavior is consistent with a role of CsA-sensitive transient mPTP opening in alleviation of ⌬ (Ichas et al., 1997; Smaili and Russell, 1999; Li et al., 2004; Wang et al., 2008; Korge et al., 2011; . Modulation of TMRE fluorescence with either FCCP or CsA altered mitoGCaMP fluorescence in a manner consistent with cross-regulation of [Ca 2ϩ ] mit and ⌬ ( Fig. 3C ; Gunter and Pfeiffer, 1990; Stout et al., 1998; Kirichok et al., 2004; Nicholls and Chalmers, 2004; Nguyen et al., 2009) .
To determine whether ER-mitochondrial Ca 2ϩ exchange altered ⌬ in hair cells, as would be predicted if [Ca 2ϩ ] mit regulates mitochondrial respiration, we measured TMRE fluorescence of all hair cells within an entire neuromast after a 60 min agent incubation. TMRE fluorescence within hair cells exposed to xestospongin C, Ru360, or adenophostin A alone was not significantly different from controls (Fig. 4A) . TMRE fluorescence was elevated after prolonged exposure to CsA ( p Ͻ 0.001). Coexposure to both CsA and adenophostin A resulted in a synergistic effect on TMRE fluorescence ( p Ͻ 0.001).
We also measured changes mitochondrial Ca 2ϩ uptake and ⌬ after a brief increase in cytoplasmic Ca 2ϩ . We used caged EGTA preloaded with Ca 2ϩ (caEGTA) to elevate [Ca 2ϩ ] transiently after exposure to near UV (405 nm) light (Ellis-Davies et al., 1996) . mitoGCaMP fluorescence was reliably elevated ϳ20% within 30 s after 405 nm exposure ( p Ͻ 0.001; Fig. 4B ), but not elevated in hair cells receiving caEGTA or 405 nm light alone. In these same cells, TMRE fluorescence increased ϳ10% compared with controls with UV and caEGTA exposure (Fig. 4C) . TMRE fluorescence then rapidly dropped below baseline (Fig. 4C) , consistent with the rapid mitochondrial depolarization observed in other contexts after increased [Ca 2ϩ ] mit (Loew et al., 1994; Hajnó czky et al., 1995; Ichas et al., 1997; Duchen et al., 1998; Csordás et al., 1999; Nguyen et al., 2009 ). Application of Ru360 abolished TMRE changes after Ca 2ϩ uncaging (Fig. 4C ), confirming that mitochondrial Ca 2ϩ uptake was necessary for ⌬ changes. Together, these data indicate that even transient increases in mitochondrial Ca 2ϩ can alter mitochondrial activity within hair cells.
Mitochondria accumulate Ca
2؉ in dying hair cells after aminoglycoside exposure Mitochondrial toxicity is a common feature of cells exposed to aminoglycosides in hair cells (Dehne et al., 2002; Owens et al., 2007; Hobbie et al., 2008; Jensen-Smith et al., 2012) and in more robust cell types (Kalghatgi et al., 2013) . We investigated whether mitochondrial Ca 2ϩ stores are altered by exposure to this class of ototoxins. We exposed zebrafish to 50 M neomycin, a concentration that reliably induces death in ϳ40% of hair cells within each neuromast (Harris et al., 2003) Schwarzlander et al., 2011) , was not significantly different from controls (Fig. 5C ). These results suggest that mitoGCaMP fluorescence is due to increased mitochondrial Ca 2ϩ uptake instead of other potential responses such as osmolarity or pH changes independent of Ca 2ϩ . The onset of dramatic [Ca 2ϩ ] mit changes within dying hair cells and the timing of their ultimate clearance from the neuromast are asynchronous with respect to the onset of aminoglycoside exposure. We found no evidence for relationships between cell positions or initial baseline intensities and the onset or duration of these changes. In contrast, alignment of mitoGCaMP fluorescence signals within dying cells to their point of clearance from the neuromast revealed a consistent pattern of behavior (Fig. 5D ). Fluorescence gradually increased beginning ϳ45 min before cell clearance, with the half-maximal change in fluorescence occurring ϳ15 min before clearance (Fig. 5D ). These results suggest that stereotypical mitochondrial Ca 2ϩ responses may be central to hair cell death. In A and B, n ϭ 75 control, n ϭ 29 300 pM FCCP, n ϭ 30 300 nM FCCP, n ϭ 38 oligomycin A, and n ϭ 40 CsA. In C, n ϭ 42 control, n ϭ 34 CsA, and n ϭ 57 FCCP. Data were taken from at least 5 animals and 3 experimental runs.
ER Ca
using GCaMP3 targeted to the ER lumen of hair cells [Tg(myo6b: erGCaMP3) ; hereafter referred to as erGCaMP]. A representative time-lapse experiment is shown in Movie 2. Time-lapse images of a neuromast exposed to 50 M neomycin are shown in Figure 6A and corresponding trace data are shown in Figure 6B . As with mitoGCaMP, living and dying cells exhibited distinctly different behaviors after neomycin exposure. erGCaMP fluorescence within living cells remained largely stable (Fig. 6 A, B, cells 1 and 5) and maximal fluorescence changes did not differ significantly from controls or dying cells expressing ER-targeted cpGFP (Fig.  6C) . Fluorescence of dying cells decreased ϳ30% ( p Ͻ 0.001; Fig.  6C ), indicating a reduction of [Ca 2ϩ ] ER . Unlike mitoGCaMP, however, we observed statistically significant differences in maximal fluorescence changes between cells exposed to 50 or 100 M neomycin compared with those exposed to 200 or 400 M neomycin ( p Ͻ 0.05; Fig. 6C ). Moreover, our data indicate that a maximal decrease in erGCAMP fluorescence is highly correlated with exposure to increasing concentrations of neomycin (r ϭ 0.92; p Ͻ 0.0001).
As with mitoGCaMP, a clear trend in erGCaMP behavior was observed after alignment to cell clearance (Fig. 6D ). Initial decrease in erGCaMP fluorescence first appeared to occur an average of 50 min before cell clearance, slightly before the onset of observed mitoGCaMP fluorescence changes. Half-maximal fluorescence change occurred on average 22 min before clearance, before that of mitoGCaMP (Fig. 6D) . Similar behavior was observed with the ER-targeted Ca 2ϩ sensor D1ER (Fig. 7 et al., 2004) . Overall, the differences in timing of events suggest that ER Ca 2ϩ mobilization occurs before mitochondrial accumulation.
Direct visualization of compartmental Ca
2؉ changes during aminoglycoside-induced hair cell death To monitor distinct compartmental Ca 2ϩ flow during aminoglycoside-induced hair cell death directly, we used spectrally distinct combinations of RGECO and GCaMP targeted to the ER, mitochondria, and cytoplasm. The behavior of either mitoRGECO or cytoRGECO alone resembled that of their respective GCaMP variants (Fig. 8) . The combinatorial expression of erGCaMP and mitoRGECO in the same hair cells enabled us to track [Ca 2ϩ ] ER and [Ca 2ϩ ] mit simultaneously ( Fig. 4A -C, Movie 3). After 400 M neomycin exposure, a concentration that kills all mature hair cells within the neuromast (Santos et al., 2006) , a half-maximal change of erGCaMP fluorescence occurred ϳ30 s before the half-maximal change of mitoRGECO. This relationship is illustrated with data from a single cell (Fig. 9A) and with multiple cells aligned to cell clearance (Fig. 9B) . In each sample, the initial decrease in erGCaMP fluorescence occurred either in the same 30 s imaging interval or slightly before increased mitoRGECO fluorescence. Cross-correlation analysis of paired data supported the notion of a strong negative relationship between erGCaMP fluorescence and mitoRGECO fluorescence, in which In B, n ϭ 10 405 nm, n ϭ 21 caEGTA, and n ϭ 27 405nm ϩ caEGTA; in C, n ϭ 51 405 nm, n ϭ 66 405nm ϩ caEGTA, and n ϭ 57 405nm ϩ caEGTA ϩ Ru360 cells from at least 5 animals. Error bars indicate SEM.
Movie 1. Dynamic changes in mitochondrial Ca
2ϩ after neomycin exposure. Heat-mapped time-lapse movie of a Tg(myo6:mitoGCaMP3) anterior lateral line neuromast exposed to 50 M neomycin. Time of neomycin addition to embryo medium is indicated (h:min:sec).
mitoRGECO fluorescence increased ϳ1-5 min after erGCaMP decreased (maximal r was at Ϫ4 min, where r ϭ Ϫ0.557; p ϭ 0.0125; Fig. 9C ).
We showed previously that, in dying cells, cytoGCaMP showed a signal that reached a half-maximal change in fluorescence ϳ3 min before cell clearance (Esterberg et al., 2013b) , several minutes after the observed changes in ER and mitoGCaMP. We evaluated directly the relationship between [Ca 2ϩ ] mit and cytoplasmic Ca 2ϩ concentrations ([Ca 2ϩ ] cyt ) by expressing cytoRGECO in a mitoGCaMP background (Fig. 9D-F, Movie 4) . In hair cells exposed to 400 M neomycin, half-maximal change in mitoGCaMP fluorescence occurred well before that of cytoRGECO (Fig. 9 D, E) . Cross-correlation analysis again supported a strong relationship between the 2, where mitoGCaMP increased ϳ2-8 min before increased cytoRGECO signals (maximal r was at 4.5 min, where r ϭ 0.717; p ϭ 0.0013; Fig. 9F ).
Analysis of fluorescence changes between erGCaMP and cytoRGECO was also performed to evaluate the possibility of the ER as a direct source of cytoplasmic Ca 2ϩ peaks in dying cells. Increased cytoRGECO signals were not observed until well after decreases in erGCaMP fluorescence, at ϳ6 -12 min (data not shown). Alharazneh et al., 2011) . Consistent these studies, we found that Texas Red was excluded from intact lateral line hair cells (data not shown). After exposure to 50 M neomycin, Texas Red entered the cytoplasm of 100% of dying hair cells before the point of clearance from the neuromast (for an example, see Fig. 10A ) and Texas Red signal was excluded from all surviving cells throughout the entirety of imaging (n Ͼ 400 cells from Ͼ20 neuromasts). We next analyzed mitoGCaMP and cytoGCaMP behavior in the presence of Texas Red to monitor their behavior relative to dye entry in dying cells. After exposure to 50 M neomycin, increases in mitoGCaMP fluorescence occurred well before Texas Red entry. On average, half-maximal fluorescence of mitoGCaMP was reached 11 min before that of Texas Red (14.5 Ϯ 2 min before clearance for mitoGCaMP vs 3.5 Ϯ 0.4 min for Texas Red, n ϭ 25 cells from 8 larvae, mean Ϯ SEM). Representative behavior of mitoGCaMP relative to Texas Red exclusion can be seen in Figure 10B . clearance for cytoGCaMP vs 4.5 Ϯ 0.6 min for Texas Red, n ϭ 39 cells from 12 larvae, mean Ϯ SEM). Representative behavior of cytoGCaMP relative to Texas Red exclusion can be seen in Figure  10C . Together, these data suggest that the initial disruption of intracellular Ca 2ϩ homeostasis occurs before a loss of membrane integrity in dying cells.
IP 3 Rs mediate ER-mitochondrial Ca
2؉ transfer during aminoglycoside-induced hair cell death We next investigated whether disrupting normal regulation of Ca 2ϩ exchange between ER and mitochondria alters aminoglycoside-induced hair cell death. Treatment with thapsigargin increased hair cell death by ϳ30% across multiple concentrations of neomycin ( p Ͻ 0.0001; Fig. 11A ), indicating that potentiating [Ca 2ϩ ] ER release sensitizes hair cells to aminoglycoside toxicity. Pharmacological manipulation of IP 3 Rs dramatically altered neomycin toxicity. Adenophostin A increased hair cell death, whereas xestospongin C protected hair cells across multiple neomycin concentrations ( p Ͻ 0.0001; Fig. 11A ). Similar protection was observed after blocking mitochondrial Ca 2ϩ entry with Ru360 ( p Ͻ 0.0001; Fig. 11A ).
Concurrent exposure of Ru360 and neomycin in hair cells expressing targeted GCaMP allowed us to determine whether uncoupling ER-mitochondrial Ca 2ϩ transfer altered Ca 2ϩ localization as a basis for survival within living cells. As expected, increased mitoGCaMP fluorescence was not observed in living cells cotreated with both neomycin and Ru360 (data not shown). Conversely, fluorescence of cytoGCaMP increased and peaked several times in living cells after neomycin and Ru360 cotreatment, consistent with the notion that Ru360 shunts the flow of Ca 2ϩ leaving the ER into cytoplasm (Fig. 11B) . Maximal fluorescence changes of living cells cotreated with Ru360 and 50 M neomycin were ϳ150% higher than in living cells exposed to neomycin alone ( p Ͻ 0.0001; Fig. 11C ). Cumulative cytoGCaMP fluorescence increased ϳ60-fold compared with living cells ( p Ͻ 0.0001; Fig. 11D ). Fluorescence of cytoGCaMP in living cells cotreated with Ru360 and neomycin was not significantly different from that seen in dying cells exposed to neomycin alone (Fig.  11C,D) . These data suggest that elevated [Ca 2ϩ ] cyt alone is not a major contributing factor to aminoglycoside-induced hair cell death. Rather, the efficient transfer of Ca 2ϩ from ER to mitochondria is likely the defining event.
Despite the ability to alter Ca 2ϩ dynamics within cells, ryanodine receptor (RyRs) modulators had no effect on hair cell toxicity either alone or when administered in combination with neomycin (Fig. 12) . The contrasting behavior of ER-based Ca 2ϩ release channels in these two scenarios further implicates IP 3 recep- tors in ER-mitochondrial Ca 2ϩ transfer during aminoglycoside-induced hair cell death.
ER-mitochondrial Ca
2؉ flow drives mitochondrial activity during aminoglycoside-induced hair cell death Because our observations suggest that mitochondrial activity within hair cells is driven by Ca 2ϩ uptake, we sought to evaluate the timing of ⌬ changes relative to ER-mitochondrial Ca 2ϩ transfer after aminoglycoside exposure. We have reported previously that TMRE fluorescence increases and plateaus after aminoglycoside exposure in dying hair cells and that, shortly thereafter, signal is redistributed to the cytoplasm of cells (Esterberg et al., 2013b) , consistent with catastrophic mPTP activation (Mitra and Lippincott-Schwartz, 2010; Brand and Nicholls, 2011; Perry et al., 2011) . Timing of TMRE redistribution overlaps with the sharp rise in cytoGCaMP fluorescence observed before cell clearance (Esterberg et al., 2013b) . We now compare TMRE signals with ER and mitochondria Ca 2ϩ signals in cells exposed to 400 M neomycin (Fig. 13A for erGCaMP/TMRE; Fig. 13D and Movie 5 for mitoGCaMP/TMRE). To correlate Ca 2ϩ changes to mitochondrial events, we aligned grouped GCaMP data to the cytoplasmic redistribution of TMRE (Fig. 13 B, E) . erGCaMP fluorescence decreased before the onset of increased mitochondrial TMRE fluorescence (Fig. 13B) , whereas mitoGCaMP fluorescence increase coincided with the onset of increased mitochondrial TMRE fluorescence (Fig. 13E) . Cross-correlation of paired data from individual cells revealed strong relationships between erGCaMP or mitoGCaMP and TMRE. erGCaMP was offset ϳ10 -15 min before TMRE (maximal r for erGCaMP was at 12 min, where r ϭ Ϫ0.708; p ϭ 0.011) and mitoGCaMP was offset ϳ1.5-0 min before TMRE (maximal r was at 1 min, where r ϭ 0.616; p ϭ 0.0072; Fig. 13C,F ) . Paired D1ER/TMRE dynamics revealed a behavior similar to that of erGCaMP/ TMRE (Fig. 14) . The timing of these behaviors is consistent with ER-mitochondrial Ca 2ϩ transfer driving increased mitochondrial hyperpolarization during aminoglycoside-induced hair cell death. Further, they suggest that they are at least in part responsible for the catastrophic mitochondrial depolarization that occurs downstream of these events.
Modulation of mitochondrial polarization alters aminoglycoside toxicity
Given the relationship between mitochondrial Ca 2ϩ overload and catastrophic mPTP activation (Nicholls, 2005 (Nicholls, , 2009 Giorgi et al., 2012) , we next sought to determine the effects of CsA treatment on aminoglycoside exposure (Fig. 15) . Surprisingly, we observed that treatment with CsA sensitized hair cells to the toxic effects of aminoglycosides. Pretreatment with CsA before neomycin exposure increased hair cell death by ϳ30% across multiple neomycin concentrations ( p Ͻ 0.0001; Fig. 15A ). We monitored [Ca 2ϩ ] mit and ⌬ in dying hair cells cotreated with CsA and 50 M neomycin to confirm that CsA was effective at inhibiting mPTP. mitoGCaMP fluorescence was increased in these cells compared with neomycin alone (Fig. 15B ) and cumulative fluorescence was ϳ100% higher than in dying cells exposed to neomycin alone ( p Ͻ 0.0001; Fig. 15C ). Maximal TMRE fluorescence was also increased, reaching levels ϳ100% greater than cells exposed to neomycin alone ( p Ͻ 0.0001; Fig. 15D ).
In contrast to the results using CsA, levels of FCCP capable of partial mitochondrial depolarization ( Fig. 3 ; Bernardi, 1992; Petronilli et al., 1993) protect hair cells across multiple neomycin concentrations ( p Ͻ 0.0001; Fig. 15A ) and prevent mitochondrial Ca 2ϩ uptake and hyperpolarization after neomycin exposure (data not shown). Together, these results suggest that transient mitochondrial depolarization adjusts levels of [Ca 2ϩ ] mit and ⌬ and that this regulation is essential to hair cell survival after aminoglycoside exposure.
Discussion
The tight regulation of Ca 2ϩ maintained within subcellular compartments is a key determinant of cell function and survival. This is particularly true in the ER, where [Ca 2ϩ ] is at its highest and depletion induces susceptibility to apoptogens (Chami et al., 2008; . homeostasis within the ER (Fig. 16) . Although the exact mechanisms of this disruption is unclear, aminoglycoside antibiotics have been shown to interact with calreticulin, the predominant Ca 2ϩ -binding protein of the ER, at its Ca 2ϩ -binding domain (Karasawa et al., 2011) . It is plausible to hypothesize that this interaction impedes Ca 2ϩ binding and initiates Ca 2ϩ efflux from the ER.
In cultured cells, MAMs appear to be inefficient at transferring Ca 2ϩ between ER and mitochondria (Hajnó czky et al., 1995; Csordás et al., 1999; Szalai et al., 1999; Hajnó czky et al., 2000; Pacher et al., 2000; Csordás et al., 2002) and it has remained an ongoing question as to how much Ca 2ϩ exiting the ER first transits the cytoplasm before mitochondrial uptake occurs Rizzuto et al., 2009) . Here, we report that, in hair cells, in vivo aminoglycoside-initiated flow involves little or no detectable release into cytoplasm before a large increase in the mitochondria. One counter argument is that the sensitivities of our cytoplasmic indicators are insufficient to detect short-lived changes in [Ca 2ϩ ] cyt localized at microdomains. However, we have shown previously that our cytoplasmic GCaMP3 construct undergoes detectable fluorescence increases in the presence of just 70 nM extracellular Ca 2ϩ and ionomycin, yet we observe little fluctuation in signal until shortly before cell clearance (Esterberg et al., 2013b) . Furthermore, we are capable of detecting synchronous increases in cytoRGECO and mitoGCaMP when IP3Rs are stimulated with AdA, yet detect much smaller cytoRGECO increases around the time of mitoGCaMP increases after neomycin exposure. We believe that these observations, coupled with the data presented here, suggest that the aminoglycoside-induced change in efficiency at which Ca 2ϩ is transferred between ER and mitochondria underlies the sensitivity of hair cells to ototoxic therapeutics; after mobilization of Ca 2ϩ from the ER during aminoglycoside-induced hair cell death, there appears to be facilitation of the path for Ca 2ϩ to enter mitochondria. The strength of association between ER and mitochondria, and thus the efficiency of Ca 2ϩ transfer through MAMs, is regulated in part by bioenergetic status within the cell (Cárdenas et al., 2010; Bravo et al., 2011; Gomes et al., 2011) . ER stress caused by Ca 2ϩ efflux both strengthens existing MAM connections and forms nascent ones (Chami et al., 2008) , promoting additional Ca 2ϩ transfer from the ER. One possible reason for such efficient transfer in hair cells is the high metabolic load under which they operate. Metabolic compromise underlies a significant portion of nonsyndromic hearing loss (Fischel-Ghodsian, 1999; Shadel, 2004; Bindu and Reddy, 2008) and aminoglycoside susceptibility (Hobbie et al., 2008) . Therefore, the fine tuning of Ca 2ϩ transfer between ER and mitochondria effectively balances life or death responses and appears to be a tipping point during aminoglycoside-induced hair cell death.
Although low levels of mitochondrial Ca 2ϩ uptake feeds energetically active cells through ATP production, prolonged uptake can be toxic as it overloads mitochondria, in part through catastrophic activation of the mPTP. This event permanently disrupts the electron transport chain and initiates proteolytic events related to increased ROS production and cytochrome c release (Nicholls, 2005; Giorgi et al., 2008; Giorgi et al., 2012) . It is therefore no surprise that many studies focus on this event as a strategy to prevent cell death. Indeed, inhibition of mPTP activation delays mitochondrial overload and increases survival in models of excitotoxicity and stroke (Crompton et al., 1988; Schinder et al., 1996 Li et al., 2009 ). Our results indicate that this strategy may not be effective to stave hearing loss resulting from ototoxicity because they implicate transient mPTP activation in the gating of excess [Ca 2ϩ ] mit and ⌬. More globally, disruption of tight regulation of ER-mitochondrial Ca 2ϩ flow and its downstream mitochondrial effects may present a common mechanism underlying cytotoxicity of aminoglycoside antibiotics; aminoglycoside sensitive renal tubule cells are also sensitive to CsA alone (Busauschina et al., 2004; Chapman and Nankivell, 2006 ) and a synergistic increase in toxicity is revealed when CsA and aminoglycosides are administered in concert (Lane et al., 1977; Oliveira et al., 2009) .
CsA is a general inhibitor of cyclophilins, of which cyclophilin D is the only family member that acts as an important but dispensable regulator of the mPTP. Inhibition is variable (Hansson et al., 2003; Kobayashi et al., 2003) , raising the possibility that modulation of other mPTP components produce a fundamentally different mitochondrial response when exposed to aminoglycosides. We found that CsA does not protect against catastrophic mitochondrial depolarization. This may be because the doses of CsA that we used were sufficient to block transient opening of the mPTP but insufficient to prevent the final catastrophic mPTP opening, resulting in mitochondrial collapse. It should be noted, however, that we do not know definitively whether the final collapse in potential is the direct result of such a catastrophic mPTP opening event. Despite this caveat, sustained elevation of TMRE and mitoGCaMP fluorescence during aminoglycoside-induced hair cell death is evidence of mitochondrial inability to relieve itself of elevated [Ca 2ϩ ] mit and ⌬ and suggests that mitochondrial function is impaired well before collapse of mitochondrial potential. Our findings seem to align with those of several groups that have used CsA to study transient mPTP activation (Ichas et al., 1997; Smaili and Russell, 1999; Wang et al., 2008; Korge et al., 2011; Wang et al., 2012) .
Our results join a small but growing body of literature (Stout et al., 1998; Maragos et al., 2003; Mattiasson et al., 2003; Jin et al., 2004; Brennan et al., 2006a; Brennan et al., 2006b; Pandya et al., 2007) suggesting that the best way to prevent mitochondrial overload is to prevent excessive Ca 2ϩ uptake altogether through partial depolarization. Several interrelated mechanisms are likely responsible for the protective effects observed here during aminoglycoside exposure, originating with the cross-regulation of ⌬ and mitochondrial Ca 2ϩ uptake. ⌬ is the driving force behind mitochondrial uniporter activity and therefore Ca 2ϩ uptake (Gunter and Pfeiffer, 1990; Gunter et al., 1994; White and Reynolds, 1997; Stout et al., 1998) , which can in turn drive an increase in ⌬ if not properly regulated by transient opening of the mPTP (Brookes et al., 2004; Nicholls, 2005) .
Although the data presented here are consistent with a disruption of ER-mitochondria Ca 2ϩ flow, they do not exclude the possibility that Ca 2ϩ from other sources contribute to the behaviors we have observed. Because aminoglycosides induce membrane reorganization even at sublethal exposures (Goodyear et al., 2008) (Esterberg et al., 2013b) , it seems likely that extracellular Ca 2ϩ contributes at least in part to the elevation in [Ca 2ϩ ] cyt that occurs just before cell clearance. The inability of mitochondria to gate excess [Ca 2ϩ ] mit effectively may be due to the sheer volume of Ca 2ϩ transferred from the ER as a result of the tight linkage between ER and mitochondrial Ca 2ϩ channels. It stands to reason, then, that less efficient transfer between ER and mitochondria offer a cytoprotective benefit after aminoglycoside exposure. Indeed, Ru360 protects hair cells against the toxic effects of aminoglycosides and shunts ER-derived Ca 2ϩ into cytoplasm (Fig. 11) . We cannot rule out the possibility that transient increases in cytoplasmic Ca 2ϩ that we observed affected the cell in some way, because other processes are encoded in the dynamic behavior of cytoplasmic Ca 2ϩ (Carafoli et al., 2001; Clapham, 2007) . Nonetheless, our results indicate that high levels of cytoplasmic Ca 2ϩ are better tolerated than previously thought, drawing into focus the delicate balance of Ca 2ϩ flow between ER and mitochondria.
